Introduction {#tpj12766-sec-0001}
============

Developmental changes in metabolite composition are of crucial importance for the function of fruits as seed dispersal systems; metabolite composition determines the palatability of the fruit, encouraging consumption of the fruit only when it is fully ripe. For crops such as tomato, metabolite composition is also a key facet of fruit quality both with respect to flavour and nutritional quality. In addition to well characterised changes in sugar and carboxylic acid content, tomato fruits also undergo major changes in amino acid composition during development (Klee and Giovannoni, [2011](#tpj12766-bib-0014){ref-type="ref"}). The most quantitatively important amino acids are GABA, Glu and Asp. GABA accumulates during the initial phase of fruit development, with GABA content peaking when the fruit has reached its maximum volume. As the fruit ripens, GABA content declines and Glu and Asp accumulate (Figure S1; Rolin *et al*., [2000](#tpj12766-bib-0030){ref-type="ref"}; Carrari *et al*., [2006](#tpj12766-bib-0003){ref-type="ref"}).

Because the decline in GABA is approximately stoichiometric with the increase in Glu and Asp, it is likely that GABA is interconverted into the latter two amino acids and there is an established metabolic route by which this can occur in mitochondria (Koike *et al*., [2013](#tpj12766-bib-0015){ref-type="ref"}) (Akihiro *et al*., [2008](#tpj12766-bib-0001){ref-type="ref"}; Yin *et al*., [2010](#tpj12766-bib-0047){ref-type="ref"}). The relatively high amounts of these amino acids that accumulate in tomato fruit \[e.g. ripe tomato contain 10 mmol Glu kg^−1^ fresh weight (Sorrequieta *et al*., [2010](#tpj12766-bib-0036){ref-type="ref"})\] means that within the highly vacuolated cells in the pericarp (Johnson *et al*., [1988](#tpj12766-bib-0011){ref-type="ref"}), they must be stored mainly in the vacuole. Hence, the developmental exchange of GABA for Glu and Asp requires export of GABA from the vacuole into the cytosol, transfer into the mitochondrion for metabolism into Glu and Asp, followed by export of Glu and Asp from mitochondrion to cytosol and finally uptake into the vacuole (Figure [1](#tpj12766-fig-0001){ref-type="fig"}).

![Metabolic interconversion of GABA and glutamate during fruit ripening.\
Pathway diagram showing the metabolic interconnections between GABA and Glu. Some reactions are omitted for clarity (e.g. mitochondrial glutamate dehydrogenase, pyruvate‐dependent GABA transaminase and cytosolic glutamate decarboxylase). The mitochondrial transporters shown are a GABA permease, a glutamate carrier and an aspartate‐glutamate exchangers. 2OG, 2‐oxoglutarate; cit, citrate; fum, fumarate; isocit, isocitrate; mal, malate; OAA, oxaloacetate; succ, succinate; succ‐SA, succinic semialdehyde.](TPJ-81-651-g001){#tpj12766-fig-0001}

Apart from a mitochondrial GABA permease that has been identified in Arabidopsis (Michaeli *et al*., [2011](#tpj12766-bib-0023){ref-type="ref"}), the transporters required for these intracellular transport events are not known. Based on homology with other eukaryotes, plant mitochondria are predicted to possess both a Glu carrier (GC) and an Asp--Glu exchange carrier (AGC), although neither of these have yet been identified at the molecular level from amongst the plethora of candidate genes in the mitochondrial carrier family (Palmieri *et al*., [2011](#tpj12766-bib-0050){ref-type="ref"}). Moreover, almost nothing is known about the transport of amino acids across the tonoplast in plants (Shiratake and Martinoia, [2007](#tpj12766-bib-0035){ref-type="ref"}; Martinoia *et al*., [2012](#tpj12766-bib-0021){ref-type="ref"}; Tegeder, [2014](#tpj12766-bib-0040){ref-type="ref"}). Proteomic studies of vacuoles isolated from *Arabidopsis thaliana* have so far revealed only a few candidate amino acid transporters (Carter *et al*., [2004](#tpj12766-bib-0004){ref-type="ref"}; Endler *et al*., [2006](#tpj12766-bib-0007){ref-type="ref"}; Jaquinod *et al*., [2007](#tpj12766-bib-0010){ref-type="ref"}), and none has so far been investigated to determine which substrates they may transport. Within the cationic amino acid transporter (CAT) family, for example, several members have been shown to localise to the tonoplast in Arabidopsis (AtCAT2, AtCAT4, AtCAT8, AtCAT9), but the substrate selectivity and transport properties of these proteins remain largely untested (Su *et al*., [2004](#tpj12766-bib-0038){ref-type="ref"}; Yang *et al*., [2010](#tpj12766-bib-0046){ref-type="ref"}; Okumoto and Pilot, [2011](#tpj12766-bib-0027){ref-type="ref"}).

The aim of this work, therefore, was to identify the tonoplast transporter(s) involved in the transport of GABA, Glu and Asp between vacuole and cytosol. The work also sought to test two hypotheses: first that a single exchange‐transporter could be responsible for the required movement of GABA and Glu/Asp. The argument for the presence of a single exchanger rather than separate tonoplast transporters for import and export of the different amino acids is that the ripening fruit must maintain vacuolar turgor while changing its vacuolar amino acid composition. A transporter that works in a strict counterexchange mode would ensure that the osmolarity of the vacuole and turgor balance is maintained. The second hypothesis we wished to test was that the exchanger would exert appreciable control over the abundance of Glu and Asp in ripe fruit and thus would represent a good engineering target for manipulating fruit flavour.

Results {#tpj12766-sec-0002}
=======

Proteomic identification of the SL1.00sc04801_50.1.1 gene‐product as a candidate Glu/Asp/GABA transporter {#tpj12766-sec-0003}
---------------------------------------------------------------------------------------------------------

We reasoned that tonoplast transporters involved in the accumulation of Glu and Asp during the latter stages of ripening might increase in abundance from mature green to breaker (when approximately 10% of the fruit is orange/red in colour) to red fruit. To analyse the composition of the tonoplast and identify putative Glu/Asp transporters based on abundance changes, we carried out a quantitative proteomic analysis of a tonoplast‐enriched membrane fraction (Figure S2) isolated from fruits at different stages of ripening. To provide a link between the proteomic analysis and data from a tomato introgression population (Eshed and Zamir, [1995](#tpj12766-bib-0008){ref-type="ref"}; Overy *et al*., [2005](#tpj12766-bib-0029){ref-type="ref"}; Schauer *et al*., [2006](#tpj12766-bib-0032){ref-type="ref"}), fruit from the M82 cultivar were used. Purity of the membrane fraction was assessed by using inhibitors for ATPases of specific classes of ATPases. The majority of the mitochondrial ATPase (inhibited by azide) and plasma membrane ATPase (inhibited by vanadate) passed through the stepped sucrose gradient that we used and were found in the pellet (Figure S2a). ATPase activity in the tonoplast‐enriched membrane fraction (collected at the interface between the 6 and 12% sucrose steps) was mainly tonoplast ATPase (80% inhibited by nitrate) and contained only a small amount of mitochondrial ATPase (\< 1% inhibited by azide) and no detectable plasma membrane ATPase (zero inhibition by vanadate). Moreover, the ATP‐dependent proton‐pumping activity of vesicles derived from this fraction was almost completely inhibited by concanamycin A, a specific inhibitor of the tonoplast ATPase (Figure S2c). Tonoplast‐enriched membranes were carbonate‐washed to remove peripheral proteins, and the quality of the protein fractions was assessed via SDS‐PAGE (Figure S2b). Proteins were identified in each fraction using shotgun proteomics and quantitative estimations of each identified protein obtained from spectral counts. We restricted our analysis to those proteins that appeared in both biological replicates and to proteins with at least two peptides identified. The data set was further restricted to integral membrane proteins using HMMTOP (Tusnady and Simon, [2001](#tpj12766-bib-0042){ref-type="ref"}) for hydropathy prediction and was subsequently filtered to remove proteins homologous to those with published non‐tonoplast localisation. This screening left 96 proteins (Data S1). A further selection for those proteins exhibiting a consistent increase in abundance between mature green and red tonoplast in both replicates gave rise to a smaller data set. Table S1 lists the proteins from this set that are homologous to known transporters and shows their abundances within the two replicate sets. Two of the proteins are members of amino acid transporter families: SL1.00sc07184_335.1.1 (Solyc11g008440.1.1) and SL1.00sc04801_50.1.1 (Solyc10g018600.1.1).

Solyc11g008440.1.1 increases from an average of 0.02% of tonoplast protein at mature green stage to 0.06% in red fruit (Table S1) and is homologous to *Saccharomyces cerevisiae* Avt1p (NP_012534.1), a member of the Avt family of vacuolar transporters belonging to the amino acid/auxin permease (AAAP) family (TC 2.A.18) within the amino acid--polyamine--organocation (APC) superfamily of the Transporter Classification Database (Saier *et al*., [2009](#tpj12766-bib-0031){ref-type="ref"}; Wong *et al*., [2012](#tpj12766-bib-0045){ref-type="ref"}). The gene encoding SlAvt1 falls in the chromosomal area overlapped by introgression lines IL11‐1 and 11‐2. Based on the published introgression line metabolite data (Schauer *et al*., [2006](#tpj12766-bib-0032){ref-type="ref"}), IL11‐1 is not a QTL for Asp, Glu, or GABA; however, IL11‐2 is a QTL for increased Asp and GABA, showing 1.70‐ and 1.62‐fold increases in the amounts of these two metabolites, respectively. As SlAvt1 is encoded by a gene in the overlapping region between the two lines, it is unlikely to be responsible for these traits.

The other candidate, Solyc10g018600.1.1, increases from an average of 0.02% of tonoplast protein at mature green stage to 0.12% in red fruit (Table S1) and is a homologue of *Arabidopsis thaliana* cationic amino acid transporter 9 (CAT9; At1g05940; NP_563754.1). Whilst members of the CAT subfamily of transporters predominantly transport cationic amino acids, plasma‐membrane‐localised members of this family from *Arabidopsis* have been shown to possess the capacity for the transport of both cationic and anionic amino acids (Su *et al*., [2004](#tpj12766-bib-0038){ref-type="ref"}). Sequence analysis of the tomato and Arabidopsis CAT family members demonstrated that the CAT9 proteins from both species belong to a distinct monophyletic clade consisting of putative CAT9 homologues that is sister to a clade containing AtCAT2, AtCAT3 and AtCAT4 (Figure S3). The increase in abundance of SlCAT9 during ripening varied significantly between the two biological replicates, but in both cases its abundance was higher in red than green fruit. The gene encoding SlCAT9 falls within an introgression line with a QTL for increased GABA (Schauer *et al*., [2006](#tpj12766-bib-0032){ref-type="ref"}). The combination of the GABA QTL with the increasing abundance of SlCAT9 during ripening made SlCAT9 a strong candidate for further study.

SlCAT9 is a tonoplast‐localised protein that increases in abundance during fruit ripening {#tpj12766-sec-0004}
-----------------------------------------------------------------------------------------

To confirm the tonoplast localisation of SlCAT9 and to investigate changes in protein abundance, a peptide antibody was raised against an immunogenic region (amino acids 24‐38: SSALRSKPLASPSET) of SlCAT9. To test the antibody, tonoplast extracts from mature green, breaker and red fruit were subjected to SDS‐PAGE and western blotting. Pre‐immune serum did not detect any proteins in the extracts, whilst the affinity‐purified antiserum recognised a single band at 50 kDa, consistent with the predicted molecular weight of SlCAT9 (Figure S4). This band increased in intensity across the developmental stages, matching the proteomic data.

To establish the localisation of *Sl*CAT9 a chimeric C‐terminal fusion of SlCat9 and YFP was generated and was transiently expressed in tobacco leaves. The YFP fluorescence pattern in tobacco epidermal cells as visualised by confocal laser scanning microscopy indicated a membrane localisation with the signal mainly restricted to a narrow zone close to the cell periphery (Figure [2](#tpj12766-fig-0002){ref-type="fig"}). There were several fluorescent features that suggest the protein is localised to the tonoplast and not the plasma membrane. First, there were many transverse strands of intracellular fluorescence (Figure [2](#tpj12766-fig-0002){ref-type="fig"}a,b) and these are most likely *trans*‐vacuolar strands. Second, there were several places were the fluorescence was displaced from the cell periphery as it bulges around organelles such as chloroplasts (Figure [2](#tpj12766-fig-0002){ref-type="fig"}c). Furthermore, intact vacuoles isolated from transformed leaves contained the fusion protein in their tonoplast membrane, as was apparent from the fluorescence pattern (Figure [2](#tpj12766-fig-0002){ref-type="fig"}d), confirming a tonoplastic localisation.

![Intracellular localisation of SlCAT9.\
A chimeric fusion of SlCat9 and YFP was transiently expressed in *N. tabacum* leaf epidermal cells (a--c). Intact vacuoles were isolated from transiently transformed *N. tabacum* leaf tissue (d). Fluorescent proteins were visualised using confocal laser scanning microscopy. Arrowheads in (a, b) indicate *trans*‐vacuolar strands.\
(b) Is an enlargement of the region of (a) indicated by the white box in the middle panel of (a).\
(c) Shows tonoplast bulges (indicated by arrowheads) caused by chloroplasts visualised by chlorophyll autofluorescence.](TPJ-81-651-g002){#tpj12766-fig-0002}

Characterisation of transport properties of SlCAT9 by overexpression in transgenic tomato fruit {#tpj12766-sec-0005}
-----------------------------------------------------------------------------------------------

To examine the transport properties of SlCAT9 we initially attempted to reconstitute the recombinant protein into liposomes, but without success. We also tried making transport measurements in yeast expressing the protein, but were unable to obtain reproducible data. Given that Arabidopsis CAT proteins were also found not to be functional when expressed in *Xenopus* oocytes (Su *et al*., [2004](#tpj12766-bib-0038){ref-type="ref"}), we decided instead to analyse the transport properties of SlCAT9 *in planta*, by making overexpressing transgenic tomato lines. Transgenic Micro‐Tom plants overexpressing a chimeric *SlCAT9‐YFP* gene were therefore generated. Overexpression was achieved using the ethylene‐inducible E8 promoter (Deikman and Fischer, [1988](#tpj12766-bib-0006){ref-type="ref"}) to mimic the expression profile of the endogenous *SlCAT9*, reducing the risk of complications due to ectopic expression. Kanamycin‐resistant lines were screened for transgene expression in fruit at red stage using an anti‐GFP (green fluorescent protein) antibody to detect the YFP fusion protein. Two lines (CAT9_2 and CAT9_5) in which the fusion protein was present in the highest amounts (Figure S5a) were selected for further analysis. Confocal microscopy confirmed the presence of the YFP fusion protein in fruit mesophyll cells of both lines (Figure [3](#tpj12766-fig-0003){ref-type="fig"}). Moreover, the fluorescence pattern provided further evidence for a tonoplast localisation of CAT9: there were clear instances where fluorescence was present in a membrane clearly separated from the cell periphery and additionally where the membrane was displaced inwards as it passed around a large organelle (probably the nucleus). A number of cytoplasmic punctate structures were also visible, most likely due to the presence of the protein in endomembrane compartments as it was trafficked to the tonoplast. Overexpression of SlCAT9‐YFP did not lead to any major growth phenotype in T~1~ plants, with fruit mass and seed number both unchanged (Figure S5b). However, there was a consistent difference in fruit morphology: fruit on the transgenic plants were heart‐shaped, rather than spherical as was the case with WT fruit (Figure S5c).

![Localisation of the SlCAT9‐YFP fusion protein overexpressed in transgenic tomato fruit.\
YFP fluorescence was visualised in ripe‐red T~1~ transgenic fruit mesophyll cells using confocal laser scanning microscopy. Two independent transgenic lines, CAT 9_2 and CAT 9_5, are shown. White arrowheads indicate regions where the tonoplast bulges around an organelle. Yellow arrowheads indicate regions where the tonoplast is clearly separated from the cell periphery (blue arrowheads).](TPJ-81-651-g003){#tpj12766-fig-0003}

The abundance profile of SlCAT9 suggested that it could be involved either in the efflux of GABA from the vacuole, the influx of Glu/Asp, or both together, operating as a Glu/Asp/GABA exchanger. To explore these possibilities, we isolated transport‐competent vesicles from fruit tissue and established a transport assay that allowed the measurement of exchange transport via *trans*‐stimulation, followed in this configuration as the enhancement of efflux of a radiolabelled substrate from pre‐loaded vesicles by addition of an external unlabelled substrate. This *trans*‐stimulation effect is the defining characteristic of transporters that operate in a counterexchange mode (Stein, [1990](#tpj12766-bib-0037){ref-type="ref"}; Ma *et al*., [2012](#tpj12766-bib-0018){ref-type="ref"}). It also provides a means of exploring the substrate selectivity of the transport system, allowing discrimination between solutes that are actually transported across the membrane and those that simply compete for access to the substrate‐binding site of the transporter. We initially established the assay using radiolabelled Glu. Tonoplast vesicles from WT fruit showed time‐dependent uptake of \[^3^H\]Glu (Figure [4](#tpj12766-fig-0004){ref-type="fig"}a). Moreover, once net uptake was complete, addition of unlabelled Glu at saturating concentration to the external medium stimulated efflux of \[^3^H\]Glu from the vesicles (Figure [4](#tpj12766-fig-0004){ref-type="fig"}b), demonstrating that a Glu exchanger is present in the tomato tonoplast. Note that although we are measuring \[^3^H\]Glu efflux, the direction of metabolite exchange in intact fruit will depend on the relative concentrations of each amino acid on either side of the membrane and the Km of the transporter for each amino acid. Efflux of pre‐loaded radiolabelled Glu was also *trans*‐stimulated by a number of other amino acids in mature green fruit (Figure [4](#tpj12766-fig-0004){ref-type="fig"}c), whereas in ripe fruit the *trans*‐stimulation effect was more specific to GABA and Asp (Figure [4](#tpj12766-fig-0004){ref-type="fig"}d), suggesting the presence of the hypothesised Glu/Asp/GABA exchanger.

![Glutamate transport characteristics of tomato fruit tonoplast vesicles.\
(a) Time‐dependent uptake of \[^3^H\]glutamate into tonoplast vesicles isolated from mature green fruit. Values are the means ± standard error (SE) of three replicates.\
(b) After 15 min of uptake vesicles were diluted in either buffer (unfilled symbols) or buffer containing 25 m[m]{.smallcaps} unlabelled glutamate (filled symbols) in order to stimulate \[^3^H\]glutamate efflux. The values are means ± SE of three replicates. The selectivity of glutamate transport was investigated using *trans*‐stimulation of glutamate efflux from mature green (c) and red (d) fruit tonoplast vesicles pre‐loaded with \[^3^H\]glutamate. Efflux rates in zero‐*trans* configuration and in *trans*‐stimulation configuration due to the presence of different unlabelled amino acids (25 m[m]{.smallcaps}) are shown. Tyrosine was added at a lower concentration (2.5 m[m]{.smallcaps}) to maintain solubility. Glutamate was also tested at this lower concentration for comparison. Amino acids are given as single letter codes with buffer alone (i.e. zero‐*trans* control) labelled as 'B' and GABA labelled as 'γ'. Values are means ± SE from three biological replicates consisting each of three technical replicates. \*Indicates significantly different from buffer control 'B'; *t*‐test, *P* \< 0.05.](TPJ-81-651-g004){#tpj12766-fig-0004}

We note that absolute rates of \[^3^H\]Glu transport tended to be lower in tonoplast vesicles isolated from red compared with green fruit, but consider these not to be directly comparable because of the greater leakiness of vesicles isolated from mature red fruit. This was apparent from the effect of the non‐ionic detergent Brij 58 on measurable ATPase activity. For green fruit tonoplast vesicles, ATPase activity was 289 ± 62 pmol P~i~ min^−1^ mg protein^−1^ in the absence of Brij 58 and 645 ± 134 P~i~ min^−1^ mg protein^−1^ in its presence. This approximately two‐fold stimulation is what is expected for well sealed vesicles with a random right‐side‐out/inside‐out orientation. In contrast, Brij 58 had negligible effect on red fruit tonoplast vesicles: ATPase activity was 257 ± 81 and 290 ± 33 pmol P~i~ min^−1^ mg protein^−1^ in the absence and presence of Brij 58, respectively. It is unclear precisely why tonoplast vesicle from red fruit should be leakier, but it could be a consequence of increased oxidative stress during the latter phases of fruit ripening (Mondal *et al*., [2004](#tpj12766-bib-0024){ref-type="ref"}). Associated with the increased leakiness, vesicles from red fruit contained significantly less \[^3^H\]Glu at the end of the pre‐loading period (Figure [4](#tpj12766-fig-0004){ref-type="fig"}a) than those from green fruit (0.076 ± 0.001 compared with 0.197 ± 0.018 μmol μg protein^−1^, respectively). Inevitably, this meant that absolute rates of \[^3^H\]Glu efflux measured in the *trans*‐stimulation configuration (Figure [4](#tpj12766-fig-0004){ref-type="fig"}b) were lower in vesicles from red fruit compared with green fruit. Despite this difficulty in comparing rates of Glu transport in vesicles from fruit tissue at different developmental stages, it is notable that the specificity of the endogenous transport activity measured for Glu/Asp/GABA was actually greater in red fruit compared with green fruit (cf. Figure [4](#tpj12766-fig-0004){ref-type="fig"}c,d), suggesting that the composition of transporters in the tonoplast membrane was altered during the course of fruit ripening.

To test whether the SlCAT9 protein was responsible for GABA/Glu/Asp exchange, we compared the transport properties of tonoplast vesicles isolated from transgenic and WT fruit. The mature‐green development stage was chosen to maximise the difference between WT and transgenic fruit: at this stage the endogenous SlCAT9 protein abundance is extremely low (Figure S4), while transgene levels are increasing (Figure S6). Tonoplast vesicles isolated from WT and transgenic fruit were again pre‐loaded with \[^3^H\]Glu, and *trans*‐stimulation of \[^3^H\]Glu transport by externally supplied amino acids was quantified. External amino acids were chosen to represent the different charge classes: negatively charged (Asp, Glu), positively charged (Lys), polar (Asn, Trp), uncharged (Ala) and GABA. As before, it was found that several of these amino acids *trans*‐stimulated \[^3^H\]Glu transport in WT tonoplast vesicles from mature green fruit, with Asp, Glu and GABA having the greatest effect (Figure [5](#tpj12766-fig-0005){ref-type="fig"}a). Notably, \[^3^H\]Glu transport was significantly greater from transgenic tonoplast vesicles than WT when *trans*‐stimulated by Asp, Glu, or GABA, but was no different from WT in the presence of other external amino acids (Figure [5](#tpj12766-fig-0005){ref-type="fig"}a). Transport of \[^3^H\]Glu in transgenic vesicles was also no different from WT when assayed in the absence of an external amino acid (i.e. in the zero‐*trans* configuration). This demonstrates that SlCAT9 operates as an obligate amino acid exchanger and specifically transports Glu, Asp and GABA. To confirm this, we conducted a reciprocal experiment in which tonoplast vesicles were pre‐loaded with \[^3^H\]GABA and the stimulation of \[^3^H\]GABA transport by a range of external amino acids was measured (Figure [5](#tpj12766-fig-0005){ref-type="fig"}b). Of the amino acids tested, only GABA and Glu led to a greater degree of *trans*‐stimulation of \[^3^H\]GABA transport in vesicles from transgenic compared with WT fruit (note Asp was not tested).

![Transport rates of \[^3^H\]glutamate and \[^3^H\]GABA in the presence of different external amino acids from transgenic tomato fruit tonoplast vesicles overexpressing SlCAT9‐YFP.\
Tonoplast vesicles were isolated from mature green tomatoes of two independent transgenic lines (CAT 9_2 and CAT 9_5) and wild‐type (WT), pre‐loaded for 10 min with \[^3^H\]glutamate (a) or \[^3^H\]GABA, and the rate of efflux of \[^3^H\]glutamate (a) or \[^3^H\]GABA (b) measured in the presence of a range of amino acids (25 m[m]{.smallcaps}). A buffer control was included to test the zero‐*trans* configuration. Values are means ± standard error (SE) from three biological replicates consisting each of three technical replicates. \*Indicates significantly different from WT (*t*‐test, *P* \< 0.05).](TPJ-81-651-g005){#tpj12766-fig-0005}

Effect of overexpression of SlCAT9 on fruit amino acid composition {#tpj12766-sec-0006}
------------------------------------------------------------------

To investigate the extent to which tonoplast transport of Asp, Glu and GABA controls their accumulation in ripening tomato fruit, the amino acid profile of ripe fruit of T2 generation transgenic plants overexpressing SlCAT9 was analysed (Table S2). It was found that overexpression of SlCAT9 led to substantial increases in the abundance of all three cognate amino acids in ripe fruit. Asp was increased five‐ to six‐fold, from 14 mmol kg fresh weight^−1^ in WT to 68 and 79 mmol kg fresh weight^−1^ in lines CAT9‐2 and CAT9‐5, respectively. Glu was increased nearly two‐fold in both transgenic lines (Glu content of 1.2, 2.0 and 2.2 mmol kg fresh weight^−1^ in WT, CAT9‐2 and CAT9‐5, respectively). GABA, which was barely detectable in WT ripe fruit, was present at levels 20‐fold higher (1.0 mmol kg fresh weight^−1^ in both transgenic lines). None of the other amino acids detectable in the ripe fruit samples was significantly altered in the transgenic lines (Table S2), in concordance with the transport measurements, suggesting that SlCAT9 specifically transports Glu, Asp and GABA. We also analysed the abundance of the principal carboxylic acids present in ripe fruit (Table S2). There were no statistically significant changes in malate or fumarate concentration, but citrate, the most abundant of the carboxylic acids, was slightly decreased in the transgenic lines (to 70--80% of wild‐type levels).

Discussion {#tpj12766-sec-0007}
==========

Identification of a tonoplast‐localised Glu/Asp/GABA transporter {#tpj12766-sec-0008}
----------------------------------------------------------------

In this work, we have identified CAT9 as a tonoplast‐localised transporter that facilitates the exchange of Glu, Asp and GABA. Although proteomic studies have located several putative amino acid transporters on the tonoplast membrane (Carter *et al*., [2004](#tpj12766-bib-0004){ref-type="ref"}; Schmidt *et al*., [2007](#tpj12766-bib-0033){ref-type="ref"}; Whiteman *et al*., [2008](#tpj12766-bib-0044){ref-type="ref"}), functional characterisation has been lacking and there were previously no characterised tonoplast transporters for GABA, Glu, or Asp. Transporters for these amino acids are known to exist in other plant membranes (Shelp *et al*., [2012](#tpj12766-bib-0034){ref-type="ref"}). For example, the metabolic scheme depicted in Figure [1](#tpj12766-fig-0001){ref-type="fig"} requires GABA to be transported from cytosol to mitochondria where the GABA transaminases are located, and a mitochondrial GABA permease (GABP) has been identified in *Arabidopsis* (Michaeli *et al*., [2011](#tpj12766-bib-0023){ref-type="ref"}). Additionally, GAT1 has been characterised as a high‐affinity plasma‐membrane‐localised GABA transporter in *Arabidopsis* that is specific for GABA (not transporting Glu or Asp). Transport via GAT1 is proton‐coupled (Meyer *et al*., [2006](#tpj12766-bib-0022){ref-type="ref"}) and thus operates in a different manner to SlCAT9. The fact that SlCAT9 operates strictly in an exchange mode probably has physiological significance: the alteration in the amino acid composition of the vacuole during fruit ripening must be achieved without disturbing vacuolar turgor pressure. Achieving this via stoichiometric counter‐transport ensures that the osmolarity of the vacuole is unchanged.

Tonoplast transport of Glu, Asp and GABA strongly influences the accumulation of these amino acids in ripe fruit {#tpj12766-sec-0009}
----------------------------------------------------------------------------------------------------------------

Overexpression of SlCat9 under the control of the E8 ripening promoter resulted in substantially increased accumulation in the fruit of the three cognate amino acids of the transporter. The increased accumulation of Asp and Glu is consistent with a role for the transporter in facilitating the influx of these amino acids into the vacuole in exchange for GABA efflux. However, given this scenario, it was surprising that GABA content also increased in ripe transgenic fruit by a similar amount to Glu. This may imply the presence of additional tonoplast transport systems for GABA and possibly transporters that facilitate unidirectional transport. This could lead to some unidirectional transport of GABA back into the vacuole, explaining why GABA has not completely disappeared in the ripe transgenic fruit as it does in WT fruit. This study highlights the importance of intracellular transport between vacuole and cytosol as a determinant of accumulation of metabolites in tomato fruit. The role of intracellular transporters as a control point in metabolism is well recognised (Martinoia *et al*., [2007](#tpj12766-bib-0020){ref-type="ref"}; Linka and Weber, [2010](#tpj12766-bib-0016){ref-type="ref"}; Sweetlove and Fernie, [2013](#tpj12766-bib-0039){ref-type="ref"}), but is nevertheless frequently overlooked in metabolic engineering efforts. Here we demonstrate that overexpression of a single tonoplast transporter can lead to a many‐fold increase in the cognate metabolites, suggesting that considerable control of the accumulation flux is invested in this step. Note that the importance of transporters does not *per se* diminish the role of biosynthetic enzymes in the control of flux through metabolic pathways that span more than one intracellular compartment. For example, the activity of aconitase significantly affects the accumulation of citrate and malate in tomato fruit (Morgan *et al*., [2013](#tpj12766-bib-0025){ref-type="ref"}), and overexpression of a fungal Glu dehydrogenase in tomato resulted in a two‐ to three‐fold increase in Glu content in fruits (Kisaka and Kida, [2003](#tpj12766-bib-0013){ref-type="ref"}).

Implications for cytosolic pH and charge balancing {#tpj12766-sec-0010}
--------------------------------------------------

GABA is recognised as an important metabolite in plants and, amongst other functions, has been suggested to play a role in control of cytosolic pH under acid load via the GABA shunt pathway, since conversion of Glu to GABA by Glu decarboxylase consumes a proton (Fait *et al*., [2008](#tpj12766-bib-0009){ref-type="ref"}). Indeed, the relatively low cytosolic pH (\~7.1) observed in tomato fruit by NMR has been linked to accumulation of GABA during the early stages of fruit development (Rolin *et al*., [2000](#tpj12766-bib-0030){ref-type="ref"}). However, the later stages of fruit ripening are characterised by a pronounced decline in GABA content and an approximately stoichiometric increase in Glu plus Asp (Figure S1). This could be explained by SlCAT9 mediating the efflux of vacuolar GABA coupled to the influx of Glu and/or Asp, formed in the cytoplasm via operation of a 'reverse' GABA shunt pathway (Figure [1](#tpj12766-fig-0001){ref-type="fig"}). This metabolite exchange across the tonoplast will have both proton‐ and charge‐balancing implications, since GABA (pI = 7.3) carries a net positive charge at the acidic pH of the vacuole, whereas Glu (pI = 3.2) and Asp (pI = 2.8) carry a net negative charge at the near‐neutral pH of the cytosol. Counterexchange of vacuolar GABA for cytosolic Glu or Asp will thus be an electrogenic process, transferring both negative charge into the vacuole and virtual protons (Ma *et al*., [2013](#tpj12766-bib-0019){ref-type="ref"}; Tsai *et al*., [2013](#tpj12766-bib-0041){ref-type="ref"}) into the cytosol as GABA is converted into Glu and Asp. As an obligate counterexchanger, transport across the tonoplast will be driven simply by the combined gradients of the respective substrates. But part of the driving force for this electrogenic Glu/Asp/GABA exchange system will be contributed by the tonoplast proton pumps (V‐ATPase and V‐PP~i~ase), which maintain an inside‐positive membrane potential across the tonoplast *in vivo*, and will thereby play an important role in energizing the remobilization of vacuolar GABA and accumulation of Glu and Asp in the latter stages of fruit ripening.

Conclusions {#tpj12766-sec-0011}
===========

In summary, we have established that SlCAT9 is localised to the tomato fruit tonoplast where it functions as a Glu/Asp/GABA exchanger. Moreover, overexpression of the *SlCAT9* gene leads to a substantial increase in the Asp content of ripe fruit and a lesser increase in Glu and GABA, strongly suggesting that the transport of amino acids across the vacuole is a major determinant of their accumulation during fruit development.

Experimental Procedures {#tpj12766-sec-0012}
=======================

Plant material {#tpj12766-sec-0013}
--------------

Tomato plants (*Solanum lycopersicum* L. cv. M82 and cv. Micro‐Tom) were grown in a controlled glasshouse under a 16 h light (24°C) and 8 h dark (21°C) regime.

Isolation of tonoplast vesicles from tomato fruit pericarp {#tpj12766-sec-0014}
----------------------------------------------------------

Tonoplast vesicles for proteomic analysis were isolated from 80 g of M82 fruit pericarp tissue using density gradient centrifugation following the procedure of Bettey and Smith ([1993](#tpj12766-bib-0002){ref-type="ref"}). The sucrose gradient consisted of 6 ml steps of 32, 24, 12 and 6% sucrose (all w/v). The membrane fraction that collected at the 6--12% sucrose interface after centrifugation at 100 000 ***g*** for 60 min was used for proteomics. ATPase activities of membrane fractions were measured in a medium based on that of Oleski *et al*. ([1987](#tpj12766-bib-0028){ref-type="ref"}) containing 50 m[m]{.smallcaps} Tris/MES (2‐(*N*‐morpholino)ethanesulphonic acid), pH 7.0, 50 m[m]{.smallcaps} KCl, 0.1 m[m]{.smallcaps} Na~2~EDTA, 1 m[m]{.smallcaps} Na~2~MoO~4~, 3 m[m]{.smallcaps} MgSO~4~ and 3 m[m]{.smallcaps} Na~2~ATP supplemented with 0.015 mg ml^−1^ Brij^®^ 58 and were assayed by the liberation of inorganic phosphate from ATP (Oleski *et al*., [1987](#tpj12766-bib-0028){ref-type="ref"}).

Transport assays {#tpj12766-sec-0015}
----------------

Tonoplast vesicles for transport assays were isolated from pericarp of 20--30 Micro‐Tom fruits. The extraction buffer was supplemented with 200 m[m]{.smallcaps} sodium ascorbate, and sucrose gradients consisted of 12 ml steps of 24 and 6% (w/v) sucrose. Tonoplast vesicles were collected from the 6 to 24% interface after centrifugation. Vesicles were diluted to 200 μg protein ml^−1^ in transport buffer (50 m[m]{.smallcaps} MES/BTP, pH 7.0, 5 m[m]{.smallcaps} KCl, 5 m[m]{.smallcaps} MgSO~4~, 1 m[m]{.smallcaps} DTT) and incubated with ^3^H‐labelled amino acid ([l]{.smallcaps}‐\[2,3,4‐^3^H\]glutamic acid, 1.11--2.22 TBq/mmol; \[2,3‐^3^H(N)\]γ‐aminobutyric acid, 0.925--2.22 TBq/mmol; both from American Radiolabelled Chemicals Inc., Royston, UK, <http://www.arc-inc.com/>) at 0.037 MBq/20 μg tonoplast protein at 25°C. At the required time points, 100 μl aliquots were vacuum‐filtered onto nitrocellulose filters (Millipore, Watford, UK, [www.emdmillipore.com](http://www.emdmillipore.com)) and the filters immediately washed with 10 ml of ice‐cold transport buffer. Each filter was then dissolved overnight in 4 ml of HiSafe3 liquid scintillant (Thermo Fisher Scientific, Loughborough, UK, [www.thermofisher.com/](http://www.thermofisher.com/)) before quantification of the radioactivity by scintillation counting. To assess efflux rates, vesicles were pre‐loaded with ^3^H‐labelled amino acid (0.037 MBq/20 μg protein) at 25°C for 10 min prior to 100‐fold dilution in transport buffer or transport buffer supplemented with 25 m[m]{.smallcaps} unlabelled amino acid. At the required time points, 1 ml samples were vacuum‐filtered, washed and dissolved for counting as above.

Antibody production {#tpj12766-sec-0016}
-------------------

The anti‐CAT9 antibody was raised in rabbits against the synthetic peptide SSALRSKPLASPSET as a service by Eurogentec Ltd (Fawley, UK, [www.eurogentec.com/](http://www.eurogentec.com/)).

Quantitative proteomic analysis of tonoplast membranes {#tpj12766-sec-0017}
------------------------------------------------------

For proteomic analysis, tryptic peptides were generated from 15 μg of carbonate‐washed tonoplast‐enriched membrane samples. Samples were fractionated on an Ultimate 3000 RSLCnano HPLC (Dionex, Camberley, UK, [www.dionex.com/](http://www.dionex.com/)) system run in direct injection mode coupled to a LTQ XL Orbitrap mass spectrometer (Thermo Electron, Hemel Hempstead, UK, [www.thermoscientific.com/](http://www.thermoscientific.com/)). Samples were resolved on a 15 cm × 75 μm inner diameter picotip analytical column (New Objective, Woburn, MA, USA, [www.newobjective.com/](http://www.newobjective.com/)) which was packed in‐house with ProntoSIL 120‐3 C18 Ace‐EPS phase, 3 μm bead size (Bischoff Chromatography, Leonberg, Germany, [www.bischoff-chrom.com/](http://www.bischoff-chrom.com/)). Precursor scans were performed in the Orbitrap at a resolving power of 60 000, from which the five most intense precursor ions were selected and fragmented in the linear ion trap using CID at a normalised collision energy of 35%. Charge state +1 ions were rejected from isolation for fragmentation. Dynamic exclusion was enabled for 40 sec. Data were converted from RAW to MGF using ProteoWizard (Kessner *et al*., [2008](#tpj12766-bib-0012){ref-type="ref"}). Data analysis and label‐free quantitation was performed using Progenesis LCMS (Nonlinear Dynamics, Newcastle, UK, [www.nonlinear.com/](http://www.nonlinear.com/)) and data were searched using Mascot (Matrix Science, London, UK, [www.matrixscience.com/](http://www.matrixscience.com/)) against a protein database constructed from build 1.0 of the *Solanum lycopersicum* genome (The Tomato Genome Consortium, [2012](#tpj12766-bib-0052){ref-type="ref"}).

Recombinant DNA manipulations {#tpj12766-sec-0018}
-----------------------------

The *E. coli* MC1061 strain was used for amplification of all plasmids. All restriction enzyme were purchased from New England BioLabs (Hitchin, UK, <https://www.neb.com/>) and *Taq* polymerase Phusion (Thermo Fisher Scientific Ltd) was used for all PCR amplifications. cDNA was transcribed using Fermentas RevertAid Reverse Transcriptase (Thermo Fisher Scientific Ltd) starting from 1 μg of fruit pericarp RNA \[extracted using the cetyltrimethylammonium bromide method (Chang *et al*., [1993](#tpj12766-bib-0048){ref-type="ref"})\] and using the oligodT primer (5′‐TTTTTTTTTTTTTTTTTTTTV‐3′). The SlCAT9 coding region was amplified from the resulting cDNA using the following primer pair: SlCAT9s (5′‐AGAATCCGATCGATGAGTACTTGGGAACGC‐3′) and SlCAT9as (5′‐ GTAAGAACTCTAGATTAATCAGCTTCTGTAGG‐3′). The PCR product was digested with *Cla*I and *Xba*I and cloned behind the cauliflower mosaic virus 35S promoter in the plasmid Amy‐spo (Pimpl *et al*., [2003](#tpj12766-bib-0051){ref-type="ref"}). The resulting plasmid was named p35S‐SlCAT9. To generate the SlCAT9‐YFP fusion, SlCAT9 was amplified from the p35S‐SlCAT9 vector using the primer pair SlCAT9s and SlCAT9K (5′‐GTAAGAACGGTACCATCAGCTTCTGTAGGTGC‐3′) resulting in a PCR product lacking a stop codon. This PCR product was digested with *Cla*I and *Kpn*I and a YFP DNA fragment with *Kpn*I and *Xba*I. Both digested products were ligated into the vector Amy‐spo to generate the plasmid p35S‐SlCAT9‐YFP. For plant transformation and *Agrobacterium*‐mediated transient expression, the 35S‐SlCAT9‐YFP‐3′ nos cassette was subcloned as an *Eco*RI--*Hin*dIII fragment into the T‐DNA vector pDE1001 (Denecke *et al*., [1993](#tpj12766-bib-0049){ref-type="ref"}). The resulting plasmid was named pT‐35S‐SlCAT9‐YFP. The E8 promoter was amplified from tomato genomic DNA using the following oligo pair E8s (5′‐TACCGTGCGAATTCTCCCTAATGATATTGTTCATGTA‐3′) and E8as (5′‐TTCGACCATCGATTCTTTTGCACTGTGAATGATT‐3′). The resulting PCR product was cloned into the vector pT‐35S‐SlCAT9‐YFP using the restriction sites *Eco*RI and *Cla*I to remove the 35S promoter and replace it with the E8 promoter. This plasmid was named pT‐E8‐SlCAT9‐YFP.

Confocal laser scanning microscopy {#tpj12766-sec-0019}
----------------------------------

Confocal imaging was performed using a Zeiss LSM 510 META laser scanning microscope ([www.zeiss.co.uk/](http://www.zeiss.co.uk/)) with a Plan‐Neofluar 25×/0.8 Imm Corr DIC objective. For imaging of YFP fusions, the 514 nm excitation line of an argon ion laser was used. Fluorescence was detected using a 458/514‐nm dichroic beam splitter and a 535‐ to 590‐nm band‐pass filter. Post‐acquisition image processing was performed with the LSM 5 image browser (Zeiss, Oberkochen, Germany).

Plant transformation {#tpj12766-sec-0020}
--------------------

Tobacco plants (*Nicotiana tabacum* L. 'Petit Havana' SR1) were infiltrated with cultures (at an optical density of 0.1) of *Agrobacterium tumefaciens* (GV3101), harbouring the vector pT‐35S‐SlCAT9‐YFP, as described previously (Neuhaus and Boevink, [2001](#tpj12766-bib-0026){ref-type="ref"}) and analysed after 3 days of further growth. Generation of stably‐transformed tomato lines was via *Agrobacterium*‐mediated transformation of cotyledons (Van Eck *et al*., [2006](#tpj12766-bib-0043){ref-type="ref"}).

Metabolite analysis {#tpj12766-sec-0021}
-------------------

Metabolite analysis was by gas chromatography mass spectrometry of chloroform--methanol extracts of tomato pericarp derivatised with *N*‐methyl‐*N*‐(trimethylsilyl)trifluoroacetamide (Lisec *et al*., [2006](#tpj12766-bib-0017){ref-type="ref"}).
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